and Ritchie, 1993). Several other proteins were shown to be localized to the axolemma at the nodes, including Na ϩ /K ϩ ATPases, the spectrin-binding protein ankyrin, and the cell adhesion proteins NrCAM 
Caspr plays a role in the generation and integrity of
Caspr2 Is Predominantly Expressed in the Nervous System the paranodal junctions is also supported by studies in Drosophila demonstrating that the Caspr-related NeuAnalysis of the expression of caspr2 mRNA in various human tissues by Northern blots is presented in Figure  rexin IV (Nrx-IV) is an essential component of the ectodermally derived pleated septate junctions (Baumgart-2A. Two transcripts, of 9 and 10 kb, were found in the brain, while only the 9 kb transcript was detected in the ner et al., 1996). Nrx-IV mutants are devoid of septate junctions between glial cells, resulting in the breakdown spinal cord. Low but detectable levels of caspr2 mRNA were also detected in the ovary and prostate but not in of the blood-nerve barrier. These mutants lack the transverse septate characteristic of these junctions, which other human tissues ( Figure 2A ). We next compared the expression of the two caspr transcripts in different are structurally similar to the paranodal junctions (Baumgartner et al., 1996) . regions of the adult human CNS ( Figure 2B ). In spinal cord and corpus callosum, only the 9 kb caspr2 tranAlthough Caspr and the related Drosophila Nrx-IV have a similar primary structure, they differ in their cytoscript was found. This was also the predominant transcript in the medulla, substantia nigra, and caudate nuplasmic tail. Caspr contains a proline-rich sequence, while Drosophila Nrx-IV has a shorter cytoplasmic region cleus. All other regions examined expressed similar levels of the 9 and 10 kb caspr2 transcripts. The distribucontaining a binding site for PDZ domains (Bellen et al., 1998 ). This structural difference suggested the existion of caspr mRNA was similar to that observed for Caspr2, with the exception of the corpus callosum and tence of other members of this group in vertebrates. Here, we describe the identification of Caspr2, a new the spinal cord, where no caspr mRNA was detected ( Figure 2B ; Peles et al., 1997) . This difference in the member of this family, as a component of the juxtaparanodal region in myelinated axons.
corpus callosum may reflect the expression of Caspr2 in both neurons and glial cells in contrast to the restricted expression of Caspr in neurons (see below). These analResults yses demonstrated that like Caspr, Caspr2 is predominantly expressed in the nervous system. Searching the databases for Caspr homologs revealed the presence of several caspr-related expressed se-
Distribution of Caspr2 Protein in Rat Brain quence tags (ESTs) from various nervous system
To study the expression of Caspr2 protein, we have sources. One of these ESTs (R13972) was sequenced generated polyclonal antibodies against its intracellular and used as a specific probe to clone the full-length region. These antibodies specifically recognized a prohuman and mouse caspr2 cDNAs from brain and spinal tein with an apparent MW of 180 kDa in lysates from cord cDNA libraries ( Figure 1A ). The structural organiza-HEK293 cells transfected with a vector that directed tion of the encoded Caspr2 polypeptide is very similar the expression of Caspr2 ( Figure 3A) . No signal was to that of Caspr and Nrx-IV, all having the hallmarks of obtained from nontransfected cells or cells transfected type I transmembrane proteins. The extracellular region with the related caspr cDNA. In addition, antibodies to of Caspr2 is a mosaic of domains, including discoidin/ neuropilin and fibrinogen-like domains, two epidermal Caspr did not react with Caspr2, indicating that the two Caspr proteins could specifically be detected using our growth factor (EGF) repeats, and four domains similar to a region in laminin A, referred to as the G domain antibodies. Anti-Caspr2 antibodies also recognized the endogenous protein when immunoprecipitation and im-( Figure 1C ). The extracellular region of Caspr2 contains 12 potential N-linked glycosylation sites, compared with munoblotting were performed on solubilized adult rat brain membranes ( Figure 3B ). In addition, these antibod-17 and 9 sites in Caspr and Nrx-IV, respectively. Human caspr2 and caspr transcripts have open reading frames ies specifically stained Caspr2-transfected HEK293 cells, confirming the membrane localization of Caspr2 that encode for 1331 and 1384 amino acids, respectively, and exhibit 45% identity at the amino acid level protein as predicted by its deduced amino acid sequence (data not shown). Thus, anti-Caspr2 antibodies ( Figure 1A ). An alignment of human Caspr proteins with the amino acid sequence of Drosophila Nrx-IV revealed do not cross-react with the related Caspr protein and specifically recognize a protein of the same size from that Caspr2 is more related (34% identity) to Nrx-IV than is Caspr (29% identity). Like Nrx-IV, Caspr2 lacks the both rat brain and Caspr2-transfected cells. In addition to the 180 kDa protein, anti-Caspr2 antibody recognized proline-glycine-tyrosine repeats that are found near the transmembrane domain of Caspr. The major difference in rat brains, during embryonic stages, a protein of 130 kDa that disappeared during the first postnatal week between Caspr2 and Caspr is found in the cytoplasmic domain. While both share a protein 4.1 binding se-( Figure 3C ). The 180 kDa Caspr2 protein was first detected as early as embryonic day 15 (E15), but its expresquence at the juxtamembrane region, they diverge thereafter. As shown in Figure 1B , the intracellular region sion continued to increase as development progressed, reaching maximal levels in the adult. In contrast, Caspr of Caspr2 is more similar to glycophorin C (65% identity) and Nrx-IV (37% identity) than to Caspr (29% identity).
was seen primarily in postnatal stages, reaching its highest levels in the adult. This pattern of expression is in Caspr2, Nrx-IV, and all the neurexins each contain a short amino acid sequence at their C terminus, which agreement with earlier studies demonstrating an increase in Caspr levels with the onset of myelination serves as a binding site for type II PDZ domains (Bellen et labeling was confined to triangular and multipolar mossy cells in the polymorphic cell layer, as well as to some widely dispersed cell bodies throughout the granule cell appeared as intermittent pairs of lines, reminiscent of paranodal Caspr staining but with a longer distance layer ( Figure 4D ). In addition, diffuse staining was detected in the striatum, the globus pallidus, and the interbetween stained regions (compare Figures 4G and 4H ). Higher magnification analysis revealed that similar stainnal capsule (data not shown). Strong labeling of the granular cell layer and periglomerular cells surrounding ing patterns were present in all regions of the CNS examined (data not shown). These analyses demonstrated the glomeruli was detected in the olfactory bulb ( Figure  4E ; data not shown). Caspr2 immunoreactivity was also that Caspr2 is differentially expressed in distinct neuronal structures, including the soma and dendrites, and found in higher olfactory centers, including the olfactory tubercle, the amygdaloid complex, the lateral entorhinal in specific short-segmented pairs along myelinated axons. area, and the piriform cortex (data not shown). Caspr2 expression was confined to short segments that axons. At the remaining sites, Caspr2 staining was weak or in some cases undetectable. In large caliber fibers, bordered the paranodal Caspr staining. However, in contrast to Caspr, which was found in all of the parathe axons are constricted at the paranodal region, with the diameter reduced by up to 50% of the internodal nodes in the section, strong juxtaparanodal staining with Caspr2 antibody was mainly detected in large caliber value (Hildebrand et al., 1993). In these fibers, Caspr2 is expressed in the juxtaparanodal region, just before the point at which the axon caliber is reduced. The nodes of Ranvier themselves could be visualized using an antibody against voltage-gated Na ϩ channels. Staining for Caspr2 and Na ϩ channels resulted in the appearance of two entirely separate zones corresponding to the nodes and the distal juxtaparanodal regions ( Figure 5D ). In contrast, antibodies to Caspr labeled the gap between Caspr2 and Na ϩ channels, which represents the paranodes ( Figure 5E ). Triple staining for Na ϩ channels, Caspr2, and Caspr clearly demonstrated that the Caspr proteins are found in nonoverlapping, distinct domains near the nodes of Ranvier ( Figure 5F ). Together, these data demonstrate that while Caspr is found in the paranodes, Caspr2 is expressed at the juxtaparanodal region.
Caspr2 Is Found in the Juxtaparanodal Axolemma
To determine whether Caspr2 is found in the axonal throughout the axoplasm of the juxtaparanodal region. Caspr2-specific antibodies using a GST-Caspr2 from the serum resulted in a proportional decrease in the This flocculent label was specific to the juxtaparanodal region and was greatly reduced or completely absent amount of the Kv1.2 that was detected in the immunocomplexes ( Figure 8A (Figure 7) . Similar staining was obtained in sciatic nerves. However, in the PNS, Caspr2 was found only in about 15% of the juxtaparanodal sites. In some preparations, the expression of Caspr2 was found to be more confined to the paranodal border than that of K ϩ channels, which was more diffuse and extended further toward the internode ( Figure 7E ). As with Caspr2 staining, Kv1.2 immunoreactivity was more prominent in large fibers. During development of the optic nerve, Caspr2 and Kv1.2 appeared simultaneously in the juxtaparanodes and could be detected at just a few sites at postnatal day 12 (P12), and with increasing frequency later (data not shown).
These observations prompted us to investigate whether Caspr2 could be found in a complex with K ϩ channels. We therefore performed coimmunoprecipitation experiments using specific antibodies to several different K ϩ channel subunits. When lysates from rat , 1984) . Moreover, the distribution of these particles ment of the rat optic nerve, Caspr2 is found at initial was found to vary along the juxtaparanodal region, with sites of K ϩ channel clustering, suggesting that it may a higher concentration near the paranode/juxtaparaplay a role in the localization of these channels. In addinode border, which gradually diminished in the direction tion, ultrastructural analysis using immunoelectron miof the internodes. The bilateral symmetric accumulation croscopy revealed granular staining of Caspr2 in the of Caspr2 and K ϩ channels in the juxtaparanodal region, axonal cytoplasm. Similar staining has been reported as shown here, correlates well with the distribution of for K ϩ channels at the juxtaparanodes (Wang et al., these particles. 1993), as well as for Na ϩ channels in the nodes of Ranvier The localization of the Caspr proteins to distinct do-(Joe and Angelides, 1992). In these cases, the close mains could be controlled by interactions with extracelproximity of these cytoplasmic granules to the final localular ligands, as well as with intracellular proteins within tion of ion channels on the membrane prompt the specuthe axon. Candidate axonal proteins that may be inlation that they reflect part of the axonal machinery involved in targeting and localization of Caspr2 include volved in the targeting of ion channels (Wang et al., members of the protein 4.1 family and proteins con-1993). Furthermore, the presence of both Caspr2 and taining PDZ domains. Caspr2 and Nrx-IV share in their K ϩ channels in these cytoplasmic structures may raise cytoplasmic tail a high sequence homology with the the possibility that they are found in a complex of memerythrocyte transmembrane protein glycophorin C. This brane proteins that is assembled before reaching the protein is found in a ternary complex also containing membrane. Finally, it has recently been shown that axoprotein 4.1 and the membrane-associated guanylate kitactin, a secreted member of the neurexin superfamily, nase protein p55 (Marfatia et al., 1997) . The cytoplasmic is a glial signal that regulates the electrical properties domain of Caspr has been shown to interact with protein of axonal membrane in Drosophila (Yuan and Ganetzky, 4.1 from rat brain (Menegoz et al., 1997) , and Nrx-IV 1999). It was proposed that this molecule might be reassociates directly with the N-terminal region of Coracle, quired for the expression, localization, or clustering of a Drosophila protein 4.1 homolog (Ward et al., 1998) . ion channels. The association of Caspr2 with K ϩ chanGenetic analyses in Drosophila indicate interdepennels at the neuronal membrane may indicate a role for dence between protein 4.1/Coracle and Nrx-IV for cormembers of this growing family of proteins in the modurect localization. In Nrx-IV mutants, protein 4.1/Coracle lation of ion channel clustering that is required for proper is mislocalized and is not found in septate junctions (Baumgartner et al., 1996) . In coracle null flies, Nrx-IV conduction of the nerve impulse. 
